INTRODUCTION
Much has been written over the years on the role that viruses are thought to play in multiple sclerosis (MS) . Several, recent, well written reviews have covered the topic in depth [1,2 & , 3, 4] . However, there are new aspects of the involvement of viruses in MS that deserve a closer look. Therefore, this review will first briefly discuss the disease itself. This will be followed by a discussion on how interactions between multiple viruses may play a role in MS pathogenesis. Finally, the involvement of CD8 þ T cells and three possible mechanisms for the generation of autoreactive CD8 þ T cells upon viral infection will be examined.
THE DISEASE
Autoimmune diseases are characterized by the body's intolerance to self-antigens. The most common autoimmune disease of young adult Caucasians is MS [5] . The cause of MS is unknown, thus making the classification of MS as a strict autoimmune disease debatable [6 & ]. However, experimental evidence suggests, and it is widely accepted, that an immune response directed against self-antigens in the central nervous system (CNS) is important in disease progression. Clinically, MS patients can present with disturbances in vision, sensation and motor control. The disease is diagnosed by the presence of focal demyelinated plaques in the brain. The clinical course of MS is variable; it ranges from a majority of patients who have attacks separated by periods of no clinical symptoms (relapsing-remitting) to a more progressive clinical manifestation of the disease (primary progressive or secondary progressive). The heterogeneity of the clinical presentation could be the result of the variety of immune cells, including monocytes/macrophages, activated glial cells and T cells specific for different myelin or CNS antigens/epitopes, associated with disease progression [7] [8] [9] . Although MS is believed to be a CD4 þ T-cell-mediated autoimmune disease, CD8 þ T cells may be involved in MS pathogenesis due to their being the predominate leukocyte in the lesions of MS patients. Lesions are not restricted to white matter in the CNS and abnormalities in the cortical and deep gray matter are observed in the early stages of MS [10] [11] [12] 13 && ]. CNS inflammation can lead to oligodendrocyte death and axonal transection (reviewed in [14, 15] ). Axonal loss inevitably leads to disability in MS patients. Diseasemodifying therapeutics for the treatment of MS, such as interferon (IFN)-b, glatimer acetate (copaxone), mitoxantrone and natalizumab, all modulate the immune system [16, 17] , thereby providing evidence supporting a central role for the immune system in driving disease progression. Unfortunately, the available therapeutics do not prevent axonal loss over time in progressive forms of MS indicating that new therapeutics directed at axonal preservation and a better understanding of what cell types are involved in MS pathogenesis are necessary.
The cause of MS is not known. Although a variety of myelin self-antigens recognized by the immune system have been identified in MS patients, no single self-antigen has been definitively shown to be responsible for MS pathogenesis. Environmental factors such as bacterial and viral infections have been implicated in MS pathogenesis. Implicated viruses include some of the herpes viruses, influenza virus, paramyxoviruses and picornaviruses (recently reviewed in [1,2 & ,3,4] ). There is evidence that peripheral (outside of the CNS) viral infections, such as with picornaviruses, can trigger exacerbations of MS [18] . Although the triggering factor or event is unknown, epidemiological and experimental evidence shows that certain individuals are genetically susceptible to MS in combination with environmental factors. Genomewide association studies found that the most common alleles associated with MS are human leukocyte antigen (HLA)-DR1501 and HLA-DQ0601, which encode for molecules that present antigen to CD4 þ T cells [19, 20] , and the interleukin (IL)-2 receptor a and IL-7 receptor a (CD127) genes [20] .
Several mechanisms could explain how viral infections lead to MS. The first mechanism involves direct infection of the brain by a virus. Viral infection of the CNS can potentially cause inflammation and damage to cells that produce myelin. This damage releases fragments of myelin that are recognized by autoreactive T cells which then are activated within the inflammatory milieu. This results in epitope spreading in which T cells that recognize epitopes of myelin proteins then trigger a series of events that result in more inflammation in the CNS and more myelin destruction. Another mechanism, that need not include epitope spreading, involves a persistent viral infection within the CNS resulting in inflammatory demyelinating disease due to the immune response attempting to eliminate infected cells within the CNS. An appealing alternate mechanism is that peripheral infections (outside of the CNS) can activate cross-reactive T cells such that the immune response to the virus cross-reacts with CNS myelin or 'self'. In this way, the activated T cells have the ability to recognize both the virus as well as myelin. These T cells then enter the CNS and cause inflammatory demyelinating lesions and MS. These mechanisms are not mutually exclusive and in different individuals could potentially lead to MS. A largely unanswered question is how viral infection in the periphery can generate cross-reactive autoreactive T cells that induce inflammation and demyelination within the CNS.
INTERACTIONS BETWEEN VIRUSES
Most studies trying to determine if there is a single causative virus for MS have not been successful; however, interactions between viruses have not been fully characterized as a potential mechanism involved in MS pathogenesis. Matullo et al. [21] demonstrated, using a transgenic mouse model in which measles virus replication was restricted to the CNS, that peripheral infection could potentially trigger CNS pathology. It was found that peripheral infection of these mice with lymphocytic choriomeningitis virus (LCMV) resulted in peripheral LCMV-specific CD8 þ T cells being recruited to the CNS where they caused neurological damage. These CD8 þ T cells caused damage despite no detectable LCMV in the CNS. These authors proposed that
KEY POINTS
The immune response to viral infection could mediate multiple sclerosis.
A causative agent for multiple sclerosis could be the interactions between viruses.
Autoreactive CD8 þ T cells generated following viral infection that express more than one TCR could be involved in MS pathogenesis.
human CNS diseases with an unknown cause, such as MS, need not be associated with just one infectious agent. Any inflammation leading to the breakdown of the blood-brain barrier could leave the CNS vulnerable to pathogen-independent immune attack.
In support of the hypothesis that one virus may enhance another virus's replication, Borkosky et al. [22 && ] used torque teno virus (TTV) isolates obtained from the brains of MS patients to infect both lymphoblastoid and Burkitt's lymphoma cell lines. Next, infecting the TTV-infected cell lines with Epstein-Barr virus (EBV) led to enhanced TTV replication, suggesting that interactions between two viruses in the CNS could synergistically cause and promote disease progression.
In addition, there is circumstantial evidence for involvement of human endogenous retroviruses (HERVs) in MS pathogenesis based on the detection of HERV viral RNA and/or protein in MS patients in comparison to healthy donors [23,24,25 & ]. HERVs are RNA viruses and are able to express reverse transcriptase. Approximately 8% of every human genome is HERVs [26] . Although HERVs are most likely not able to replicate, evidence suggests that HERVs could potentially be involved in MS pathogenesis by being expressed as proteins [27] , by possessing immunogenic properties [28] and by being activated and responding to immune stimuli [29] . Thus, HERVs are hypothesized to be 'retroelement' genes that are potentially able to impact cellular functions [30] ] monitored the seroreactivity to EBV, Epstein-Barr nuclear antigen 1 and varicella zoster virus, and compared antibody levels to these viruses in MS patients that either did or did not respond to IFN-b therapy. This longitudinal study [34 && ] demonstrated that disease activity was related to HERVs and certain herpes viruses, suggesting that disease progression and efficacy of IFN-b treatment in MS patients were directly linked to the immune response to these viruses, thereby implicating HERVs as potentially having a role in MS pathogenesis.
THE INVOLVEMENT OF CD8 R T CELLS
In MS, although both CD4 þ and CD8 þ T cells can be found in lesions, activated CD8 þ T cells outnumber CD4 þ T cells by approximately 10-fold [35, 36] . Furthermore, these large numbers of CD8 þ T cells are found to be clonally expanded in sites of active demyelination [37, 38] . Various groups have shown that class I genes such as HLA-A3 increase the risk of developing MS [39] [40] [41] [42] [43] . This is consistent with the observations that CD8 þ T cells are clonally expanded in the cerebrospinal fluid and in the circulation of MS patients [44] . In addition, cloned CD8 þ T cell lines have been generated from MS patients that are HLA-A2-restricted and specific for myelin basic protein (MBP), myelin proteolipid protein (PLP) and myelin-associated glycoprotein [45] . These CD8 þ cytotoxic T lymphocyte (CTL) clones produced tumor necrosis factor (TNF)-a and some also produced IFN-g. Interestingly, some HLA-A3 restricted CD8 þ T cells cloned from MS patients have been found to lyse targets coated with PLP peptide as well as targets coated with peptide derived from Saccharomyces cerevisiae, the chromosome region maintenance 1 770-778 peptide [46] . These reports indicate that within the autoreactive CD8 þ T-cell population, cross-reactive T cells exist that have the potential to react with microbes/ viruses and self, suggesting a potential role for either molecular mimicry or for CD8 þ T cells having more than one T-cell receptor (TCR). For human and mouse T cells in the periphery, the frequency of T cells expressing more than one TCR b chain is approximately 1% [47, 48] . About 30% of human T cells in the periphery have two functional TCR a chains [49] and approximately 8-15% of murine T cells in the periphery express more than one TCR a chain on the cell surface [50, 51] . Interestingly, while studying TCR expression on myelin-specific T cells, Alli et al. [52 & ,53] identified T cells that expressed dual TCRs: one TCR combination was specific for myelin and one reacted against hair follicles. Almost all transgenic mice expressing one of the TCR combinations developed alopecia by 4 months, and CD8 þ T cells from these mice could adoptively transfer alopecia, demonstrating a potential autoimmune role for dual TCRs.
POTENTIAL MECHANISMS FOR THE GENERATION OF AUTOREACTIVE CD8 R T CELLS
A major question to be addressed is how are such autoreactive CD8 þ T cells generated and how do they initiate CNS inflammatory disease. We suspect that there are multiple mechanisms for how viral infections can lead to the activation of autoreactive T cells that then go to the target organ causing inflammation and pathology. We hypothesize that the autoreactive CD8 þ T cells generated following viral infection are novel in that they express more than one TCR and can induce inflammatory demyelinating autoimmune disease in naïve mice. We do not know, however, if one of the TCRs recognizes both a viral and a self-peptide (molecular mimicry) ( Fig. 1, #1) [54 & ], if the two separate TCRs are functioning where one TCR recognizes the viral peptide and the other TCR recognizes the self-peptide ( Fig. 1,  #2) , or if the TCR is a chimera having either 2 a chains and 1 b chain or 2 b chains and 1 a chain, which, when present in different combinations, results in one combination recognizing viral peptide and the other combination recognizing self-peptide ( Fig. 1, #3) .
Two important observations support our hypothesis that dual TCR expression allows selfreactive T cells to escape thymic selection and be activated by a virus. Recently, the Goverman lab [55] described a MBP transgenic TCR model where the MBP-specific CD8 þ T cells encoded multiple TCRs. Experimental autoimmune encephalomyelitis could be induced in these mice by vaccinia virus infection, suggesting that dual-reactive T cells participate in CNS demyelinating disease: one TCR recognizing MBP and the other TCR recognizing a vaccinia virus peptide. However, they did not determine whether one or more than one TCR was involved in the demyelinating disease, nor did they experimentally demonstrate a direct pathogenic effect of these dual expressing T cells. Also, these studies were performed with transgenic mice and using a virus for which the natural host is unknown.
Recently, we have shown that Theiler's murine encephalomyelitis virus (TMEV) infection generates autoreactive T cells [56] . Spleen mononuclear cells (MNCs) isolated from SJL/J mice, 5 weeks after infection, proliferated when stimulated with irradiated TMEV-infected syngeneic antigen-presenting cells (APCs), as well as when stimulated with irradiated uninfected syngeneic APCs [56] . In addition, we also demonstrated that in-vitro stimulated bulk MNCs could kill uninfected syngeneic target cells [57] . Upon further characterization, we ascertained that the autoreactive cells were CD8 þ T cells [57] . Using recombinant vaccinia virus encoding TMEV capsid proteins to infect SJL/J mice, we showed that CD8 þ T cells from these infected mice could also kill uninfected syngeneic target cells [58] . Infection of mice with a recombinant vaccinia virus encoding b-galactosidase did not result in CD8 þ T cells capable of killing uninfected target cells, thus providing evidence that a viral epitope encoded in the viral capsid is sufficient to generate these autoreactive T cells [58] . These data indicate that following virus infection, a population of T cells were generated that could recognize virus and self. Importantly, we have demonstrated that hybridomas generated from cloned TMEV-induced dual-reactive CD8 þ T cells were able to induce clinical signs of disease (flaccid hind limb paralysis) upon adoptive transfer into naive mice [54 & ]. Dual TCRs were detected on the surface of these hybridomas by flow cytometry, and multiple a chain mRNAs were detected by PCR screening. Although individual T cells having more than one TCR have been previously reported [47, [59] [60] [61] [62] [63] [64] [65] [66] , many of these studies used transgenic systems. Therefore, T cells having more than one TCR are not unique, but their production following peripheral viral infection of the natural host is unique, and this is the first demonstration of antiviral CD8 þ T cells having more than one TCR initiating an autoimmune disease in vivo. We hypothesize that this is a potential mechanism for virus-induced autoimmune disease initiated by CD8 þ T cells.
CONCLUSION
Investigators have reported the occurrence of T cells with more than one TCR [47, [59] [60] [61] [62] [63] [64] [65] [66] and have hypothesized that such cells could initiate autoimmune disease. We hypothesize that autoreactive CD8 þ T cells are generated during viral infection. T cells having more than one TCR could explain why no one microbe has been consistently associated with MS. We hypothesize that a variety of viral specificities/peptides could activate T cells which can also recognize self, thereby initiating disease. The induction of MS by viruses could potentially be through multiple mechanisms ( Fig. 1) and future work is needed to determine the relevant mechanism(s).
